Graphene is a kind of typical two-dimensional material consisting of pure carbon element. The unique material shows many interesting properties which are dependent on crystallographic orientations. Therefore, it is critical to determine their crystallographic orientations when their orientation-dependent properties are investigated. Raman spectroscopy has been developed recently to determine crystallographic orientations of two-dimensional materials and has become one of the most powerful tools to characterize graphene nondestructively. This paper summarizes basic aspects of Raman spectroscopy in crystallographic orientation of graphene nanosheets, determination principles, the determination methods, and the latest achievements in the related studies.
Introduction
When three-dimensional (3D) materials are reduced to two dimensional materials (2D), such as to nanosheets with several atomic layers, the produced 2D materials can exhibit unique properties and phenomena which are distinct from their 3D counterparts [1] [2] [3] [4] . Up to now, many kinds of 2D materials have been produced and investigated, such as transition metal dichalcogindes [1, 5] , black phosphorus crystals [6] [7] [8] , boron nitride nanosheets [9, 10] , molybdenum disulfide nanosheets [11] , 2D topological insulators [12, 13] , graphitic carbon nitride nanosheets [14] , and so on [15] [16] [17] . These 2D materials show unique physical and chemical properties and attract more and more attentions. Among them, graphene is the first 2D material that has been widely investigated [18, 19] . Many interesting phenomena and novel applications have been reported, such as the quantum Hall effect [20] [21] [22] [23] . Up to date, graphene becomes a promising candidate for fundamental studies [22] [23] [24] as well as for potential device applications [25] [26] [27] [28] [29] [30] [31] [32] . Their excellent mechanical and electrical properties are strongly orientation-dependent. Additionally, their unique superconductivity [33, 34] , ferromagnetism [35] , and quantum Hall effect [36] are related to their localized edge states too, being orientation-dependent. Thus, determination of the crystallographic orientation of graphene is essential in order to further understand these phenomena.
Raman Scattering of Graphene
Graphene is a two-dimensional single-atom-thick allotrope of carbon with a honeycomb structure, as shown in Figure 1 . Due to the sp 2 hybridization of carbon bonds, carbon atoms arrange in a planar sheet, being bonded to three neighboring atoms. at $2700 cm À1 for E laser ¼ 2.414 eV (1) . For varying layer number spectra show different spectral widths and relative intensities the interlayer interaction between graphene layers (6) . For exam spectra can be distinguished from other spectra because the G 0 ba G band, whereas for 2-LG or M-LG, the G 0 band is broader and w Furthermore, a phonon-softening phenomenon for the G band app voltage. This is known as the Kohn anomaly, which is important fo energy (E F ) position by Raman spectroscopy (8, 9, 67) . Figure 2 shows six phonon-dispersions of graphene. The iLO and iTO phonons are responsible for the main Raman bands observed in graphene. According to the group theory, these two modes are the only Raman active modes, corresponding to the two-dimensional E 2g phonon. The G band corresponds to the doubly degenerate E 2g modes at the Brillouin zone center Γ-point while D and 2D band to the Brillouin K-point [60, 67] . Figure 3 shows a typical Raman spectrum of crystalline graphene on a SiO 2 /Si substrate measured under 514.4 nm excitation. The Raman spectrum of carbon-based materials, including graphite and carbon nanotubes, is usually characterized by Raman-active modes from 800 cm −1 to 2000 cm −1 . Among these modes, the so-called D band locates around 1330-1360 cm −1 and the G band near 1580 cm −1 [60, 63, 67] . The Raman spectrum of crystalline monolayer graphene nanosheets is mainly dominated by two Raman bands, one at 1580 cm −1 and another at 2700 cm −1 . The band at 1580 cm −1 is intense and termed as the G band as in other carbon-based materials. Another band at 2700 cm −1 was historically termed the G band [70] , and is now termed as the 2D band [49] (adapted from Reference [66, 67] ). The American Physical Society.
potentials. This nent peak always observed in graphite samples [15] . The G peak is due to the doubly degenerate zone center E 2g mode [16] . On the contrary, the G 0 band has nothing to do with the G peak, but is the second order of zone-boundary phonons. Since zone-boundary phonons do not satisfy the Raman fundamental selection rule, they are not seen in first order Raman spectra of defect-free graphite [17] . Such phonons give rise to a peak at 1350 cm ÿ1 in defected graphite, called D peak [16] . Thus, for clarity, we refer to (b) (c)
The grid is also ution image of a within the layer. al foldings of the ets is most likely that were cracked attern for close to from two layers. etal structure are line indicated by f the spots in the ot A-A) stacking. The D band is very weak for crystalline graphene nanosheets and can only be observed in graphene nanosheet with defects. The 2D band is observed sometimes. The details of these Raman bands (D, G, 2D, and 2D ) are discussed below.
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G Band
Only first-order Raman bands are permitted for graphene because of the hexagonal symmetry of the graphene lattice (Figure 1a ). There are two atoms in the unit cell of graphene, resulting in three zone-centered Raman modes. Two Raman modes, degenerating with E 2g symmetry with in-plane vibrations, are Raman active and responsible for the G band of graphene [60, 67] . The third vibration Figure 3 , is the main first-order Raman-active band in graphene nanosheets.
It is generally considered that the G band originates from the phonons at the center of the first Brillouin zone, existing in all sp 2 -hybridized carbon materials. Figure 1b shows the Γ points of the Brillouin zone and Figure 4a shows two kinds of atom vibration modes of the Raman mode. The sp 2 -hybridized carbon atoms vibrate in rings and chains. More detailed physical explanations of the G band is reviewed in the published literature [63] . The two in-plane G modes shown in Figure 4a are doubly degenerated as TO phonon modes and LO phonon modes (with E 2g symmetry) at the Brillouin zone center [60] . The degeneracy can be destroyed by strains, splitting the G band into the G + and G − bands. Therefore, the width of the G band have been employed to characterize the deformation and strain of graphene nanosheets [58] . The splitting has been also used to determine the crystallographic orientation, as discussed below.
2D Band
The intensity of the G band depends on the the graphene thickness, linearly increasing with the increasing thickness because of detectable carbon atom quantities. Based on this phenomena, the intensity of the G band has been employed to determine the layer numbers of graphene nanosheets. One should keep in mind that the intensity of G band is also affected by annealing conditions [73] and the frequency of the G band is temperature dependent [74] . So it should be used carefully for the identification of number of the graphene layers because of the thermal effect. Therefore, a weak laser beam should be employed during Raman measurements to avoid potential thermal effects.
The G band is sensitively affected by strains [57, 58, 75, 76] . More investigations indicated that the Raman frequency of the G band is affected by doping too [63, [77] [78] [79] [80] besides strains. The G band peak shifts with electron and hole doping concentrations [63, 77] .
The 2D band is usually the strongest Raman peak in graphene Raman spectrum, locating near 2700 cm −1 . This band was originally named the G band [70, 81] and denoted as G * band in some literature [82] . In recent years, the band has been termed as the 2D band [49] because the Raman-active band is the result of a second order process of the D band, involving two phonons. Specifically the 2D Raman band is the overtone of the D band, which comes from the in-plane vibrational mode of the carbon rings (as shown in Figure 4b ). The D band is related to the symmetry at the K or K point of the first Brillouin zone, which are shown in Figure 1b . For the 2D vibrational band, the electrons will be scattered back to K point of the Brillouin zone before recombining with the hole, and then back-scattered by a second iTO phonon. This process is also known as the double resonance [49, 81, 83] , because the incident electrons and the first scattered phonons are resonant in the graphene, or the scattered phonons are in resonant with the second scattered phonons. In the resonance procedures, both the electrons and phonons are scattered by iTO phonons (coming from the K point) to the K point, and then recombine to emit photons. More details of the 2D band were reviewed recently [84] .
The 2D peak of single-layer graphene can be fitted with a Lorentzian function while the peak broadens/blue-shifts with increasing thickness of graphene [49, 81] . The 2D peak of multilayer graphene are usually fitted with multiple peaks because the electronic band structure of the multilayer nanosheets are split [81] . For example, the 2D peak of a bi-layer graphene can be fitted by four Lorentzian peaks. Therefore, the 2D band has been used to determine the layer-numbers of graphene nanosheets experimentally [49] because of the thickness-dependence of the shape and width of the 2D band peak. The single-layer graphene can be detected simply and efficiently from the existence of a single/sharp 2D band peak [49] .
The charge transfer would alter the equilibrium lattice parameter of graphene, resulting in a 2D band red-shifting with electron doping concentrations and a blue-shifting with hole doping concentration [52, 79, 80] . The 2D band is also affected by strains [57, 58, 75, 76, 85, 86] and substrates [87, 88] . When graphene is grown on substrates, the interaction between graphene and substrates can alter the position of the 2D mode. For example the 2D mode of graphene grown on copper substrates [87] is different from that grown on SiC [88] substrates, significantly influencing the determination of the number of graphene layers. Therefore, one should be careful to determine the number of graphene layers in Section 3.2.1.
D Band
The D band is another important Raman band of graphene, locating near 1350 cm −1 . The band comes from the disorder of graphene. The D mode associates with the transverse optical (TO) phonons around the K-point of the Brillouin zone [63] . Figure 4b shows the breathing mode of the band. The carbon atomic rings vibrate radially [89] [90] [91] . The D peak is usually very intense in amorphous carbon isotropies while absent in perfect graphitic materials. It should be noticed that I D /I G increases with the defect density only at low defect density region because of more elastic scattering but decreases with the increasing defect density at high defect density region because of attenuating Raman peaks [63, [92] [93] [94] . The strong D bands are visible only for high sp 2 /low sp 3 amorphous carbon [93, 94] . Therefore it should be careful to detect the defect density from I D /I G ratio.
Its overtone band is the 2D band, locating near 2660-2710 cm −1 . Different from the D band, the 2D band is always visible even when the D band is very weak.
The D mode comes from defects [90] and is attributed to an A 1g zone-boundary mode [89] . Any defects disrupting the symmetry of graphene lattices can induce the D mode. In the case of the perfect amorphous carbon, there is a strong D band. The D mode appears when the carbon hexagons were destroyed. In other words, the D band disappears when the carbon honeycomb structure is perfect. Therefore, the low intensity of D band together with the presence of 2D bands are a indicator of high quality graphene layer. More detailed physical explanations of the D band have been reviewed in literature [63, 95] and discussed theoretically [96] . Interested readers are referred to the literature cited therefore.
Moreover, doping can also affect Raman shifts of G and 2D bands [52, 63, 79, 80] besides strain. Additionally, substrates including SiO 2 usually shifts 2D peak significantly due to different interaction between graphene and substrates [87, 88] .
It should be mentioned that the 2D band of amorphous carbon is very weak while D band is strong. The intensity of 2D band increases with crystallinity of carbon materials while that of D band decreases. The D band almost disappears in crystalline graphene nanosheets without defects. The ratio of the two intensity (I 2D /I D ) indicates the crystallinity quality of graphene nanosheets.
Graphene edges are one kind of one-dimensional defects. The D band intensity is anisotropic along straight graphene edges, Theoretically the resonance process cannot occur for any arbitrary pair of electron along k vectors [97, 98] . It is believed that the edge defects of graphene are completely delocalized along a direction parallel along the edges in its real space and the associated vectors are completely delocalized along a direction perpendicular to the graphene edges in its reciprocal space. Therefore, straight edge defects have one-dimensional characters and can only transfer momentum in a direction perpendicular to the edges, showing anisotropy.
There are two kinds of edges in graphene, arm-chair edges and zigzag edges. The intensity of the D band strongly depends on the type of the edges [43] . The D band intensity is stronger at an armchair edge and is dependent on the laser light polarization [99] . The intensity is maximum when the laser light is parallel to the arm-chair edges [43, 100] . In other words, the D band intensity is higher at armchair edges than that at zigzag edges. So, the edge chirality of graphene nanosheets can be detected from analyzing the D band intensity [97] . Below we'll discuss how to detect the crystallographic orientation of graphene from the D band intensity.
D Band and 2D Band
The D band is induced by disorder in graphene [70] , locating at 1620 cm −1 . The origin of the band is similar to that of the D band except that the related phonons are in the vicinity of the Γ point, not the K point of the Brillouin zone. The D band intensity is same for both two types of edges while strongly dependent on types of defects in graphene [101] . The D peak also shifts with the graphene thickness [55] .
The 2D band, overtone of the D band, is also observed in some cases.
Effects of Functional Groups
Chemical functionalization offers a feasible method to alter the graphene's properties including mechanical, electronic and vibrational properties, affecting Raman bands. Graphene oxide (GO) [102] [103] [104] [105] [106] , hydrogenated graphene [107] (graphane) and halogenated graphene (CX m , X = F, Cl, Br, or I) [108] are typical graphene derivatives. The functional groups on the carbon nanosheet induce transitions of carbon atoms from sp 2 to sp 3 hybridization. They often significantly change the atomic structure of graphene and hence their mechanical and vibrational properties. Density functional theory calculations showed that the 2D Young's modulus of the armchair and zigzag configurations of both GO and graphene fluoride are about 2/3 the experimental value of graphene [108, 109] .
Evolution of the Raman spectra for functionalized graphene is strongly dependent on the species and coverage of the functional groups on the surface. As more functional groups adsorb on graphene, the sharp G peak at 1580 cm −1 becomes broadened, while the D peak at around 1350 cm −1 becomes more evident because of defects [110, 111] . In graphene fluoride, the resonant 2D peaks at about 2600 cm −1 completely disappear after graphene is fully fluorinated. Similar broadening occurs for the G and and D band in graphene fluoride [106, 108] .
Procedures of Orientation Determination

Preparation of Graphene
Graphene has been prepared by various methods [112, 113] . Up to present, several kinds of successful approaches developed to generate graphene, include but are not limited to micromechanical cleavage of graphite [20, 114] , epitaxial growth on substrates [28, [115] [116] [117] [118] [119] [120] , chemical exfoliation [118, 121, 122] , and electrochemical exfoliation [123] [124] [125] [126] . The mechanical cleavage method can produce high-quality graphene nanosheets that are comparable to crystalline graphite while the production ratio is low. Epitaxially grown graphene is suitable for large area fabrication and is compatible with current Si processing techniques while the quality of produced graphene is not good as that of micromechanically cleaved graphene. Chemical exfoliation always produce lots of defects in graphene while massive graphene nanosheets can be produced in a short time.
Optical Observation of Graphene
Graphene is always optically examined under optical microscopes before the orientation of graphene nanosheets is determined by Raman scattering. With the development of detection techniques, graphene layers can be distinguished/isolated on oxidized Si wafers under optical microscopes based on optical contrast/interference [20, [127] [128] [129] [130] [131] .
In details, the graphene nanosheets can be transferred onto a Si wafer with SiO 2 film. The thickness of the SiO 2 layer is usually 300 nm [19, 22] . The graphene can then be founded by naked eyes under an optical microscope because of interference between graphene and the SiO 2 layer. Graphene can be also visualized on Si with other thicknesses of SiO 2 if suitable filters are chosen [127] . In order to see the details of graphene, an optical microscope with a 100× and 0.9 numerical aperture (N. A.) objective is usually employed. Figure 5a shows a typical optical image of graphene nanosheets with various layers. The color of graphene varies, depending on their layer thickness.
0.27 + 0.33N. This confirms that the sample is composed of 1, 2, 3, and 6 layers, as for Figure 3a . These layers have a slightly different color in the optical microscope ( Figure 3a ). It appears that the darker color corresponds to the thicker sample. Note, however, that the color of much thicker layers (more than 10 layers) does not follow this trend and can change from blue to yellow to gray. The number of layers is further confirmed by the evolution of the 514 nm Raman spectra, 22 Figure 3b. Figure 4a shows a confocal Rayleigh map for 633 nm excitation. The signal intensity of in Figure 4 appears to increase with N.
of the reflected field from the Si substrate.
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Determination of Layer Number
The number of graphene layers can be estimated using optical contrast under optical microscopes. As shown in Figure 5a , single-layered graphene, double-layered graphene, and triple-layered graphene show different colors because of interference. A certain-layered graphene can be chosen from colors in experiments.
The layer number of graphene can be also measured from Raman spectra. As shown in Figure 5b , the G band intensity increases and its peak shifts with increasing layer numbers. The intensity ratio I 2D /I G is higher for few-layer graphene. The width of the 2D band increases with increasing layer numbers too. So the layer number of graphene can be estimated from the G band and the 2D band.
In addition to the Raman spectroscopy and traditional optical microscopy, the graphene layer numbers can be accurately identified by the contrast spectroscopy [54] . The number of layers (up to 10 layers) of a graphene sheet, which is deposited on a 300 nm SiO 2 /Si substrate, can be precisely determined by using an equation of C = 0.0046 + 0.0925N − 0.00255N 2 , where N is the number of layers of graphene and C is a contrast.
Estimation of Edge Chirality
Mechanically exfoliated graphene usually have certain orientation cleaved edges as well as CVD-grown graphene nanosheet. There are armchair edges or zigzag edges in most of graphene [37, 132] . Therefore, the crystallographic orientation of graphene can be estimated from the crystallographic properties of graphene under optical microscopes, similar to ReS 2 nanosheets [133, 134] . Figure 6a shows the crystallographic directions that form armchair edges and zigzag edges. An armchair edge is separated by an angle θ = (2n + 1) × 30 • with an adjacent zigzag edge, or by an angle of θ = 2n × 30 • , where n is an integer. Therefore, graphene sheets usually have angles of m × 30 • between two adjacent edges (one is armchair and another is zigzag), where m is an integer. of appropriate flakes, we used e-beam electrical contacts on the flakes ͑Ti, 5 2͑b͔͒.
In order to find out whether th 
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(c) Experimentally, the angle of adjacent edges can be measured under optical microscopes. Therefore same or different chirality of these adjacent edges can be judged simply from the optical angle observations, without knowing exactly which edges are armchair edges or zigzag edges. Figure 6c shows a reported graphene sheet with one angle of 90 • between two adjacent edges, and another is 150 • . From above discussions, these adjacent edges should have the same chirality.
As the second step of the orientation determination, it is very useful to optically choose graphene nanosheets with a certain chirality under optical microscopes. Combined with traditional Raman scattering measurements, a graphene nanosheet with a number of layers and a morphology can be isolated under optical microscopes for further crystallographic orientation determinations.
Polarized Raman Spectroscopy
Polarized Raman scattering has been employed to determine crystallographic orientations from the 1980s [136] [137] [138] [139] with an accuracy of ±2 • . In recent years the technique has been used to determine Figure 7 shows a typical experimental set up of polarized Raman spectroscopy [140] . An Ar-ion laser (wavelength λ = 514.5 nm) is usually used as an excitation source. A 40× microscope objective (N. A. = 0.6), or higher, is used to focus the laser beam onto graphene and to collect the scattered photons in a backscattering geometry. The scattered photons are dispersed with a grating of 1200 grooves/mm and detected by a liquid-nitrogen-cooled CCD detector. The spatial resolution of the microscope is less than 1 µm and the spectral resolution of the Raman system is ∼1 cm −1 . When polarized Raman measurements are carried out, a half-wave plate is employed to rotate the polarization of the incident laser beam. A polarizer is used to align the polarization of the incident laser beam. Another linear polarizer is used as an analyzer for the scattered light to align the polarization of the scattering light into the spectrometer, perpendicular to the groove direction of the grating. A rotation sample stage is usually employed to rotate graphene too. Figure 8 shows two polarization configurations in a polarized Raman spectroscopy. The polarization of the incident laser beam is chosen as a vertical polarization (V) direction or horizontal polarization (H), making a angle θ between the graphene plane and the laser beam. θ = 0 • when the polarization is parallel to the surface of graphene planes. Figure 8b shows the in-plane configuration and the out-of-plane configuration in details, denoting by (VV) and (HH) configurations respectively. 
Raman Scattering Measurements
Raman spectra of the graphene can be collected for different polarization configurations. In a typical procedure to determine the crystallographic orientation of graphene, the incident polarization direction is fixed and the graphene sample is rotated using a rotation stage. The analyzer is fixed to cross polarization configuration (perpendicular to incident polarization). The graphene nanosheets are inspected first using the optical microscope in cross polarization. Rotating the graphene nanosheets until the graphene nanosheets become dark, the zigzag direction can then be determined in parallel or perpendicular to the incident polarization or the analyzer direction. At this step, the principal axe of the nanosheets can be detected although one cannot know it is the zigzag direction or armchair direction. The incident laser is then focused on the center of the graphene nanosheets and the polarization direction is aligned along the nanosheet edges (The polarization of the incident laser is tuned by rotating the half-wave plate). Raman spectra are then collected under various polarization of the analyzer. From the relationship between Raman peaks and the polarization angle, the armchair edge or zigzag edge can be detected, as discussed below. Similar procedures have been employed to determine an orientation of other 2D material nanosheets, such as black phosphorus [142] .
Orientation Determination from Raman Spectroscopy
Some Raman bands of graphene are dependent on crystallographic orientation as well as their strain-dependent sub-bands. For example, the G band intensity is orientation-dependent [143] and the G band can split into two sub-bands, G + and G − , under uniaxial strains. The graphene crystallographic orientation can be then determined from these Raman characterizations.
G Band of Edge Chirality
The G Band Raman was proposed to identify the orientation of graphene edges [144] . The G band at edges exhibits obvious polarization dependence [34] . The Raman G band intensity is higher when the polarization direction of the incident laser is parallel to armchair edges or perpendicular to zigzag edges of graphene. Therefore, the orientation of the graphene edges can be identified using the intensity difference between armchair edges and zigzag edges. The orientation identification of whole graphene nanosheets can be concluded from the edge orientations. Figure 9a shows typical Raman spectra of the G mode of an armchair edge under various polarization angles. The G band intensity increases with increasing polarization angles. This polarization dependence should result from the nature of the G mode in graphene, which has E 2g symmetry. On the contrary, the G mode intensity of the center region of graphene is not dependent on the polarization direction, as shown in the inset in Figure 9a . So the polarization-dependent intensity of the G band can be normalized to the G band intensity of the whole graphene. Figure 9c shows the normalized polarization-dependent intensity of the G mode, indicating the polarization dependence of the G mode of the armchair edges.
sity moving from inside to outside. The profile of the G mode intensity across the edges reveals step-function dependence, as shown in Figure S1A , which agrees well with a previous report. 23 Differing from G mode, D mode originating from a defect-assisted double resointervalley scatteringOwhereas the Z-edge cannot. 22 Hereinafter, we label the vertical edge as armchair and the horizontal as zigzag. Considering the fact that the width of the edge for the G mode is very narrow as a consequence of zero momentum of such G phonons, 24 and to effectively collect enough signal from the edge, polarizationdependent Raman mapping of the G mode is conducted. As shown in the bottom of Figure 2A , with increasing the angles of the incident electric field relative to the A-edge, the G modes become weaker and minimum at 90°, which is consistent with theoretical results. 25 In comparison, the polar behavior of the D mode is also revealed by a group of polar Raman images shown in the top of Figure 2A . It can be clearly seen that the intensity of the D mode decreases with the increase of the angles. As known, the intensity of the D mode is proportional to [e ϫ p], where e is the polarization of the incident laser, and p is the momentum of the photoexcited electron or hole relative to the Dirac point. As such, the strongest D mode appears when the polarization of the incident light is parallel to the A-edge. Essentially, the intensity of the D mode follows ID ϰ cos 2 (in)cos 2 (out), where in and out represent the angles of the incident and scattering electric fields relative to the edge, respectively. 23, 24 In this work, we did not put an analyzer in the scattering beam. Therefore, the intensity of the D mode is only proportional to cos 2 (in), as shown in Figure S2 (Supporting Information). A ratio of 0.2 between the IDmin to IDmax is obtained, implying a high purity and degree of order of this A-edge. 24 Figure 2B shows the typical Raman spectra of the G mode at the A-edge with various polar angles. The inset plots the corresponding Raman spectra taken from the body. This polarization independence directly www.acsnano.org
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results from the nature of the G mode in graphene, which has an E2g symmetry (space group P63/mmc), 26 and the two doubly degenerate Raman polarizability tensors function by reflecting the polarization vector about the x ϭ y and y ϭ 0 with identical scattering efficiency.
14,23,27 Figure 3 shows the polarization dependence of both G and D modes at the Z-edge. Obviously, the polar behavior of the G mode at the Z-edge differs strongly from that at the A-edge. The larger polar angles lead to stronger G mode at the Z-edge as predicted by the theoretical work. 25 Weak D mode caused by the existence of some armchair segments at the Z-edge still obeys the standard dependence. The typical Raman spectra of the G mode at the zigzag edge are shown in Figure 3B .
To further elucidate the polarization dependence of the G mode at both A-and Z-edges, the intensities of the G mode are plotted as a function of polar angles, as shown in Figure 4 . Since the G mode at the main body has no polarization dependence, the data were normalized to the IG at the body. For the A-edge ( Figure 4A results from the nature of the G mode in graphene, which has an E 2g symmetry (space group P6 3 /mmc), 26 and the two doubly degenerate Raman polarizability tensors function by reflecting the polarization vector about the x ϭ y and y ϭ 0 with identical scattering efficiency.
14,23,27 Figure 3 shows the polarization dependence of both G and D modes at the Z-edge. Obviously, the polar behavior of the G mode at the Z-edge differs strongly from that at the A-edge. The larger polar angles lead to stronger G mode at the Z-edge as predicted by the theoretical work. 25 Weak D mode caused by the existence of some armchair segments at the Z-edge still obeys the standard dependence. The typical Raman spectra of the G mode at the zigzag edge are shown in Figure 3B . To further elucidate the polarization dependence of the G mode at both A-and Z-edges, the intensities of the G mode are plotted as a function of polar angles, as shown in Figure 4 . Since the G mode at the main body has no polarization dependence, the data were normalized to the I G at the body. For the A-edge (Figure 4A) , cos 2 ( in ) is employed to fit the experimental data, whereas the intensity of the G mode at the Z-edge (FigFigure 3 The G band intensity shows different relationship along zigzag edges. Figure 9b shows the Raman G mode along zigzag edges. The intensity increases with increasing polarization angles. Figure 9d plots the normalized intensities of the G mode as a function of polar angles, indicating the polarization dependences of the G mode at zigzag-edges. Therefore, armchair edges and zigzag edges can be identified from the normalized polarization dependences of the G mode along edges [34] .
G Band Splitting under Strain
The G band splits under strains. The strain-dependent splitting has been employed to detect the orientation of graphene nanosheets. Figure 10 shows typical Raman spectra under various strains. The G band red-shifts with increasing strain and the splitting gap increases with increasing strain. The splitting of the G band can reach up to 15 cm −1 under an applied strain of 1.3 % [57, 58] . Additionally, the relative intensities of the G + sub-band and G − sub-band are dependent on the laser polarization [58] , providing useful information to detect graphene crystallographic orientations with respect to strains. the substrate ͑Fig. 1͒ and is given by the ratio of substrate thickness to twice the radius of curvature. The spectra are fitted with lorentzians and Fig. 3 plots the resulting trends for the G and 2D peaks. Note that Figs. 3͑a͒ and 3͑b͒ are a combination of over 80 measurements on two samples, strained in two different experimental setups, and include a loading, unloading, and final loading cycle. Within the spectrometer resolution, we find no difference on prehistory and, for a single sample and cycle, the strain dependence is smooth. Linear fits using all the data yield ‫ץ‬ G + / ‫ץ‬ ϳ Theoretically, the split G sub-bands are corresponding to two orthogonal modes respectively. One has eigenvectors perpendicular to the applied strain (E + 2g ) and the other parallel to the strain (E − 2g ), shown as the inset in Figure 10 . When a uniaxial compressive strain is applied on graphene nanosheets, the sp 2 bonds parallel to the applied strain will be shortened and hardened. Other bonds perpendicular to the strains are only affected slightly. As a result, the G − sub band, corresponding to the E − 2g mode, is significantly shifted under the uniaxial strains. The G + sub band, corresponding to the E + 2g mode, is only moderately shifted under strains. Then the orientation of graphene can be experimentally probed from the intensity changes under strains.
In details, graphene nanosheets are strained and Raman spectra in-situ measured under different polarization directions. Figure 11a shows the G sub-bands at various incident laser polarizations under a strain. The sub-bands strongly depend on the laser polarization. The G + and G − polar plots are shown in Figure 11b . The polar data can be fitted to I G + ∝ sin 2 (θ in + 34 • ) and I G + ∝ cos 2 (θ in + 34 • ).
where θ in , θ out , and φ s are illustrated in Figure 11c . The G + and G − sub band intensity is strongest or weakest (Figure 11b ) under certain polarization directions, whose angle θ in between the strain direction can be experimental detected.
for unstrained graphene, if one assumes the electron spectrum to be isotropic ͑Dirac͒, the G peak intensity vanishes. Thus, the G peak is entirely due to the anisotropic terms in the electronic spectrum. In other words, in order to contribute to the G peak, electrons must "feel" the crystallographic directions. In unstrained graphene, this has no consequence since the two vibrations are degenerate and not resolved. Under strain, the two subbands correspond to definite orientations of the vibrations with respect to the strain axis. It is thus the interaction of electrons, which feel the crystallographic directions, with phonons entirely determined by the strain direction that gives the polarization dependence.
V. CONCLUSIONS
In summary, we probed with Raman spectroscopy the optical phonons of graphene as a function of uniaxial strain. We find that the doubly degenerate E 2g mode splits in two components: one polarized along the strain, the other perpendicular. This split of the Raman G peak in two subbands G + and G − is analogous to that induced by curvature in nanotubes. These subbands redshift with increasing strain, while their splitting increases, in excellent agreement with firstprinciples calculations. Their relative intensities vary with polarization, allowing to probe the sample crystallographic orientation with respect to the strain. The 2D and 2DЈ bands downshift but do not split for small strains. Our results can be used to quantify the amount of uniaxial or biaxial strain, providing a fundamental tool for graphene-based nanoelectronics and nano/microelectro mechanical systems. probed in the Raman measurea change in the phonon frequenbetween phonon Grüneisen pain the Raman peaks with applied complex than the case of the G Eqs. ͑7͒ and ͑8͒. Indeed, while ve the relative positions of the changes them. 52 Note that this contrast with the conclusions of e a significant influence in the While the DЈ is intravalley, i.e., ging to the same cone around K requires scattering from the cone Ј.
7,17,32 Thus, its wave vector is istance of the Dirac cones and by Our experiments are performed n, what we measure in Raman trained graphene is the combinaift due to strain and a possible act that the relative movement of he phonon wave vector. For an s could lead to peak broadening perimental FWHM ͑2D͒ signifi-. In the case of the 2DЈ peak, the sitions of the cones will have no intravalley process. However, for s could be given by the renormaland phonon-group velocity with the D peak, our measured ␥ D has dary, and a more general expres-
with ⌬Ј 2D ene to the changes in the phonon e, as a function of strain. We note rain, at least the effects due to the irac cones are absent. Then, Rane under biaxial strain would be e D mode Grüneisen parameter, alculations are in excellent agreeressure experiments on graphite. nature of electron-phonon and ns around the K point in ith the relative movement of the iaxial strain, 52 and the possible and phonon bands, the full the-D peak under uniaxial strain still raphic orientation larization dependence of the G + tails͒. The x axis is chosen perpendicular to the C-C bond. This Hamiltonian is the only allowed by the C 6v symmetry of graphene. In the presence of strain, the Hamiltonian changes but the correction will be on the order of the strain itself. For a fixed small strain, these corrections can be ignored, in first approximation, in the calculation of the polarization dependence of the G bands. The main effect of strain is to force the phonon normal modes to be longitudinal ͑u l ͒ and transverse ͑u t ͒ with respect to the strain axis, as discussed above, and shown in Fig. 4 . If we call s the angle between the strain axis and the x axis, we can write
In our Raman spectrometer, we can excite with linearly polarized light and use an analyzer for the scattered radiation. This means that the corresponding electric-field vectors have definite orientations E x in,out = E 0 in,out cos͑ in,out + s ͒, E y in,out = E 0 in,out sin͑ in,out + s ͒, where the polarization is measured with respect to the strain axis. Substituting these in Eq. ͑9͒, the matrix elements corresponding to the emission of longitudinal and transverse phonons are proportional to −sin͑ in + out + 3 s ͒ and cos͑ in + out + 3 s ͒, respectively. The intensities of the two peaks are given by their squares
͑11͒
To test this, we do polarization measurements with an analyzer for scattered light aligned with the strain direction ͑ out = 0͒ and rotating the incident polarization with respect to The graphene crystallographic orientation can also be simply determined from the relative intensities of the G + and G − sub-bands under uniaxial tensile strains [57, 58, 145] . The relative intensity of the G sub-bands is dependent on the angle (φ s ) between the strain axis and the graphene crystal axis [58] :
where I G − and I G + are the G sub-band intensities. Fitting the experimental data, the crystallographic orientation of the graphene crystal with respect to the known strain axis can be calculated.
2D Band Splitting under Strain
Similarly, the 2D band can also be used to determine the orientation of graphene under uniaxial tension [145] . The 2D band red-shifts [58] and splits [75] under strains. The orientation of graphene can be determined from the strain-induced 2D band splitting. Figure 12 shows the 2D band under strains along armchair and zigzag directions. Obviously, the 2D band splits into two sub-bands while red-shifts under strains. The splitting width increases with the increasing strain. The strain effect was observed by many groups [146] and explained as a deformation of the Dirac cone and a displacement away from the K point of the Brillouin zone.
The intensities of the 2D sub-bands show strong dependences on both incident and scattered laser polarization and graphene orientations [75, 146] . Figure 13a shows the intensities of the 2D − and 2D + peaks measured as a function of the incident polarization angle θ in . The analyzer is kept parallel to the incident polarization, θ in = θ out , which preferentially selects phonons in the direction orthogonal to θ in . The polar plot of the sub-bands along armchair directions (Figure 13c) clearly indicates that the intensities of the 2D − and 2D + sub-band depend strongly on the polarization direction of the incident laser. The 2D sub-bands also show a strong dependence on orientations of zigzag edges under strains, as shown in Figure 13b,d . Therefore, the strain-induced splitting and red-shift of the 2D sub-bands can be used to detect the direction of graphene crystallographic orientations with respect to applied strains.
suggested that the scattering processes involving the smallest momentum transfer (inner process) and the largest momentum transfer (outer process) are dominant contributions, but it is still not clear which of the two is the dominant one [17] . For a given laser wavelength, the zone [2, 3] . Strain also mo observed splitting and sof from a convolution of the phonon dispersion modifi lations on electronic band graphene based on the firs dopotential method [28] approximation for excha and on their phonon disper À and 2D þ peaks of (c) the A-strain and (d) Z-strain samples as a function of strain. The solid lines are linear fits to the data. The inset shows the polarization geometry, where in , out , and ' S are the angles that the incident laser polarization, the analyzer axis, and the zigzag direction make with respect to the strain axis, respectively. [75] . The inset shows the polarization geometry. θ in , θ out , and φ s are the angles that the incident laser polarization, the analyzer axis, and the zigzag direction make with respect to the strain axis, respectively. The American Physical Society.
[34]. In Fig. 4(d) , the 2D À band has two sinusoidal components fitted well to I 2D À / cos 4 ð in À 1 À 7=6Þþ cos 4 ð in À 1 À 11=6Þ, whereas the 2D þ band, with one sinusoidal component, is fitted to I 2D þ / cos 4 ð in À 2 À =2Þ, where 1 ¼ À6:0 and 2 ¼ À7:5 .
In conclusion, the strain-induced splitting and redshift of the Raman 2D band are found to depend on the direction of the applied strain with respect to crystallographic orientation. Comparison of experimental data with first-principles calculations shows that anisotropic modifications of the phonon dispersion together with changes in electronic structures are their origins. Furthermore, the dominant inner scattering process is demonstrated to resolve a controversy regarding the nature of the Raman 2D band.
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D Band of Edge Chirality
The D band is not split under uniaxial strain while shifts with hydrostatic stresses [58] . The armchair edge could be distinguished from the zigzag edge from the intensity of the D mode [43, 147] because of the defect-assisted double resonant inter-valley scattering process. The details will not be discussed here as the intensity of the D band is usually very low for high-quality graphene with fewer defects.
As previously discussed, the D mode originates from a defect-assisted double resonance. Edges are one type of defects in graphene and their Raman spectroscopy has been investigated [97, 140, 148] . The Raman intensity of the D band depends on edge chirality. Theoretical studies of single-layer graphene indicated [60, 100] that the double resonance process can only be fulfilled at an armchair edge (stronger D band) while for a zigzag edge, the resonance process is forbidden (weaker or vanished D band). The D band intensity is localized mostly at the edges of the crystallite carbon nanomaterials [60] . Based on the theoretical prediction and experiments of graphite, many Raman D band mapping of edges have been reported [34, 64, 97, 147] . It is found that the intensity of disorder-induced Raman D band (1350 cm −1 ) is correlated to the edge chirality: it is stronger at the armchair edge and weaker at the zigzag edge. Therefore, the crystallographic orientation of graphene can be determined from the D band Raman mapping of edges. Figure 14a plots the spectra of a graphene armchair edge under various incident laser polarizations. The D band intensity strongly depends on the angle between incident laser polarization and graphene edges. The D band intensity is maximum when the laser polarization direction is parallel to the edge and minimum when perpendicular to the edge. Figure 14b shows I D /I G as a function of θ in for the edge. However, a detailed investigation showed that a perfect zigzag edge did not produce the D band [97] . Therefore, armchair edges and zigzag edges can be identified from the polarization-dependence D band intensity of edge chirality.
D Band Raman Spectroscopy of Edges
Note that these edges appear uniform on a micron length scale.
We first consider the Raman spectra measured at 514 nm for the edge indicated by the arrow in Figure 6A . The edge Raman spectrum, shown in red in Figure 7 , has a strong D peak (note the log scale of the y-axis used to enhance the smaller peaks). The peak at ∼1450 cm -1 in Figure 7 is not due to graphene, since it is visible on the substrate as well, but it is the third order Raman peak of the silicon substrate. [55] [56] [57] The D peak dispersion at the edge is ∼50 cm -1 / eV, similar to the D peak inside graphite. 41, [58] [59] [60] That of the 2D and 2D′ peaks is ∼95 and ∼21 cm -1 /eV, respectively, as in refs 17 and 61. Figure 8A plots the spectra for different incident polarization. The D intensity strongly depends on the angle between incident polarization and edge; it is maximum for polarization parallel to the edge and minimum when
and the second to an edge with average zigzag direction but with relatively long armchair segments and not fully symmetric. As discussed later, these cannot be taken as general findings. However, in all the samples we examined, we found the maximum D peak intensity for incident polarization parallel (or near-parallel) to the average edge direction.
To understand how the intensity of the G, 2D and D peaks changes when crossing an edge, Raman mapping is performed with light polarized parallel to the edge direction. Figures 10 show a map of I(G), I(D), I(2D), I(D)/I(G) across the edge. The D peak is localized at the edge, unlike the G peak, which increases, as expected, when moving from outside to inside the sample. Figure 11 plots the profile of
I(G), I(2D), I(D) and I(D)/I(G)
across the edge. When going from outside to inside the flake, I(D) increases, reaches a maximum and then decreases. Fitting this variation with a Gaussian, we get a width of ∼700 nm, comparable with our The intensity of the D band is theoretically proportional to [ − → e × − → p ], where − → e is the polarization of the incident laser, and − → p is the momentum of the photo-excited electron or hole relative to the Dirac point. So, the D band intensity should be strongest when the polarization direction of the incident laser is parallel to armchair-edges. In details, the Raman intensity of the D band can be expressed as I D ∝ cos 2 θ in cos 2 θ out , where θ in and θ out are the angles of the incident and scattering electric fields relative to the graphene edges, respectively [34] . In other words, the D band is stronger near armchair edges and weaker near zigzag edges under certain conditions. Such kind of behavior can be employed to identify the edge chirality. Then, the crystallographic orientation of the whole graphene can be determined from the edge directions. Figure 15 shows a single-layer graphene on Si substrates [34] . The angle between the polarization direction of the incident laser and graphene edges is 45 • . The angle between the two edges is 90 • . According to the morphology analysis of graphene in Section 2.2, the edge chirality of the two edges is different, one is armchair and one zigzag. The G-band Raman mapping (Figure 15b ) can show the two edges of the graphene clearly which have same brightness whereas it cannot give any information to identify the chirality of the edges. However, the D band mapping (Figure 15c ), shows significant difference between the two edges. The Raman mapping is constructed from the spectra collected at the interior of the graphene and the edges. Clearly, the D band intensity is not uniform over the whole graphene. The disorder-induced D band is stronger at the vertical edge while very weak at the horizontal edge, suggesting the vertical edge is an armchair-edge and the horizontal edge is a zigzag-edge. Based on the fact that armchair-edges can scatter electrons near the Dirac points while zigzag-edges cannot, armchair edges and zigzag edges can be easily identified from D band mapping. Several papers stated that it should be careful to conclude if a high D band intensity represents armchair edges or a low D band intensity stands for zigzag edges [64, 97] . The given reasons are (1) Although the intensity of the D band strongly dependents on the polarization of incidence lasers, a minimum intensity of D band can also be detected when the angle between the laser polarization and graphene edge is 90 • . (2) The measured D band intensity might come from both armchair edges and zigzag edges because of non-ideal edges of graphene and large laser beams. In one word, it can not determine armchair edges solely from higher D band intensity or higher I D /I G ratio.
D Band Mapping of Edges
In order to show the more detailed applications of D band mapping in graphene orientation, Figure 16 shows four single-layer graphenes with different chirality. The D-band Raman mapping was carried out on a confocal microscopy Raman system. The wavelength of the excitation laser was 532 nm. The Raman mapping images were collected by scanning the graphene nanosheets with a step of 100 nm with a spatial resolution 500 nm. For these graphene nanosheets with 30 • and 90 • angles (Figure 16a ,c), the adjacent edges had different intensities of the D band (intensity ratio is greater than 1.6 for different edges chirality), which indicated that these two edges had different chirality. For the nanosheets with a 60 • included angles (Figure 16b,d) , two adjacent edges show similar D band intensity (intensity ratio is around 1.0), which means that they have the same atomic arrangements at the edges. From the Raman mapping images, the zigzag edges and armchair edges were identified.
Therefore, the edge chirality of graphene can be easily and nondestructively identified from the Raman D band mapping. The graphene orientations can be determined further from edge chiralities. and 90°, edges show different D band contrast as they have different chiralities. On the other hand, in the case of 60°, a similar D band contrast is observed as the two edges have same chirality.
To rule out the possibility that the results of Raman imaging are caused by a difference in focusing or edge nonuniformity, we carried out a statistical analysis of the Raman intensities at each edge. For the SLG discussed in Fig. 2 , it has three edges with an angle of 30°between edge 1 and 2 and 120°between edge 2 and 3. To compare the three edges under the same conditions, Raman imaging is carried out on each individual edge, with the laser polarization parallel to that edge ͑Raman images not shown͒. The D band obtained at different spots of the edge was then fitted using a Lorentzian function and the intensity image was plotted. We manu60°and 90°, two ad sities, showing tha intensity ratio for while the differenc than 1.6, which sug tical and reliable m edge structure.
By knowing t know the orientatio significant in the p tion using lithograp that although the ed are on average pre nature. The defect-i be strongly polariz of graphite edges. T lographic orientatio study of graphene a FIG. 3 . ͑Color online͒ Raman imaging results from edges with angles ͑a͒ 30°, ͑b͒ 60°͑zigzag͒, ͑c͒ 90°, and ͑d͒ 60°͑armchair͒. The images constructed by the G band intensity show the positions and shapes of the SLG sheets. The laser polarization is indicated by the green arrows. The superimposed frameworks are guides for the eye indicating the edge chirality. Note that the chirality of ͑b͒ and ͑d͒ were determined by the other pair of edges ͑not shown͒ with 30°/90°on the same piece of SLG. The scale bar is 1 m.
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Extended Applications
In the previous sections, mechanical cleaved graphene nanosheets were utilized to demonstrate the Raman determination mechanisms. These discussed technologies are also valid to determine graphene nanosheets prepared by other methods. For example, the crystallographic orientation of CVD-grown graphene nanosheets was detected from the polarization dependence of Raman G band [149] and from Raman 2D band [150] (as shown in Figure 17a ). Therefore, orientations of all kinds of graphene nanosheets can be characterized by these Raman technologies.
Recently, the discussed Raman techniques have also been employed to determine crystallographic orientations of other two-dimensional layered materials, such as MoS 2 [151, 152] , monolayer black phosphorus [6, 8, 142, [153] [154] [155] , atomically thin diselenide [156] [157] [158] [159] [160] [161] and dichalcogenide [158, 162, 163] , few-layer ditelluride [164, 165] , layered disulfide (ReS 2 ) [161] , silicon films [139] , pentacene films [166] , heterostructures and hybrids [93] , and other 2D materials [167] . Figure 17b -d show angle-resolved Raman intensities of black phosphorus, ReS 2 , and ReSe 2 2D layers, respectively. Orientation of these layers were identified from these polar plots. and screening 8, 16 . Figure 2c depicts the electron wavefunction of the bright ground-state exciton of monolayer black phosphorus calculated based on first-principles GW-Bethe-Salpeter equation (BSE) theory (see Supplementary Section II for details). Because the wavefunction is strongly extended along the x direction, the observation of highly polarized emission indicates the excitonic nature of the observed photoluminescence. The carriers are more mobile in the dispersive band along the x direction than in the flat band along the y direction, and the isotropic Coulomb interaction thus binds the carriers most strongly in the y direction. Regardless of the excitation laser polarization, the high-energy photons (2.33 eV) used in the photoluminescence experiments will first generate free electrons and holes in monolayer black phosphorus, from which anisotropic excitons form, leading to highly polarized light emission. Because the photoluminescence always originates from these anisotropic excitons, the emitted light is strongly polarized along the x direction, regardless of On polarizer selects x-or to a total of four diffe peak intensity as a fun laser polarized along x excitation laser power along the y direction i regardless of the exci curves using a cos 2 θ f the polarization detec wavefunction of the g Because the carriers a mass and the Coulom forming striped patter the hole. Scale bar, 1 n contain out-of-plane vibrations of the sulfur atoms along with in-plane vibrations of the rhenium atoms in the direction of the b-axis. 1 We hypothesize that the angle of maximum intensity for mode V should be in the direction of the b-axis.
We examine the consistency of the Raman polarization dependence of each mode as a function of layer thickness. Figure 5b depicts the polarization dependence of mode III in the 1L, 2L, 3L, and 4L regions. This mode polarization behavior is unchanged for all four different thicknesses, with maximum intensity located at ∼58°. Figure 5c shows the thickness dependence of mode V. In contrast to mode III, the polarization of mode V varies slightly with thickness, with maximum intensity for this mode at 83°for 1L, 90°for 2L, and 91°for 3L and 4L. This variation may be due to interlayer coupling, substrate interactions or strain induced from the well-defined edges, such as the one marked by the yellow arrow. Figure 6b shows a higher magnification image of this region and confirms that the b-axis (rhenium chains) runs parallel to the cleaved edge. In Figure 6c , we present a higher magnification ADF-STEM image taken from the few-layer region marked by the blue arrow. The bright spots represent the rhenium atoms, and the rhenium chains, which run in a direction ∼90°m easured clockwise from the vertical, are easily visible. Figure  6d depicts the parallel polarization response of the Raman spectra for modes III (green) and V (violet) taken on the bulk region of the sample, as denoted by the red arrow in Figure 6a . Mode III is a maximum at an angle of ∼55°measured clockwise from the vertical and is denoted by the green line in Figure 6c . Mode V is a maximum at an angle of ∼91°, which corresponds to the direction parallel to the rhenium chains. Based on the wide applications of Raman techniques, it is reasonable to conclude that the Raman spectroscopy is a powerful tool to investigate 2D layered materials and will play more and more roles in orientation identification.
Comparison with Other Techniques
Besides Raman scattering, there are many other methods to detect orientation of graphene nanosheet, mainly including transmission electron microscopy (TEM), scanning electron microscopy (SEM), scanning tunneling microscopy (STM), atomic force microscopy (AFM), and various electron diffractions. Figure 18 shows several popular methods. Low-energy electron microscopy (LEEM) has been employed to in-situ investigate graphene rotated domains on Ir(111) substrates [168] . Figure 18a shows graphene domain grown on substrate grains. Selected-area low-energy electron diffraction (LEED) revealed that the orientation of domains rotated under high temperature because Moiré LEED spots are sensitive to domain orientation. The domain orientation relative to the Ir(111) lattice was identified by selected-area LEED within 0.5 • .
Notably, a wavelet transform-based frequency identification method was developed to distinguish graphene orientation on AFM recently and lattice orientation can be determined through the different distribution of the frequency power spectrum just from a single scan line [169] . It was found that friction force signal varies with lattice orientation, having one peak along zigzag orientation and two peaks along armchair orientation. Based on the fact, the wavelet transform-based frequency can be used to identify graphene orientation. Figure 18b shows a spatial frequency spectrum of a single scanning line on a monolayer graphene (top inset). The one peak distribution indicated that the scanning line should be along the zigzag orientation. The detected orientation was consistent with an atomic resolution image (bottom inset). The method is simple and controllable while depends on the scanning quality of AFM.
Atomic-resolution AFM and TEM are visual methods to determine graphene orientation [37, 39, 45, 170, 171] . Figure 18c shows a lattice TEM image of graphene. Based on the lattice arrangements, the orientation of graphene can be directly characterized from images. Figure 18d shows a lattice resolution AFM image of a micromechanically exfoliated graphene on an oxidized Si substrate. The crystallographic orientation of the edge I was characterized as zigzag edge and I I as armchair edge, as shown by the hexagons superimposing onto the optical image. The crystallographic orientations were in agreements with the results of Raman spectroscopy. These two methods are easy to identify edges while take time to obtain lattice images.
Additionally, high-resolution scanning tunneling microscopy (STM) has also been employed to detect graphene orientation [43, 44] . Crystallographic orientation can be characterized directly from these atomic-resolution images.
Similar to LEED, selected area electron diffraction (SAED) is also a traditional method to determine crystallographic orientation [38] [39] [40] . Figure 18e shows an SAED pattern of graphene taken on TEM. Orientation of the graphene can be detected from the index of the pattern and the image rotation angle. Similar to electron diffractions, any FFT (Fast Fourier transform) patterns generated from lattice-resolution images (including HRTEM and AFM) can also be employed to detect crystallographic orientations.
Scanning electron microscopy [39, 41] was also employed to characterize crystallographic orientation of graphene. Orientation can be characterized from graphene outlines. The method is simply while only works for CVD grown graphene on certain substrates.
Anisotropic optical absorption was employed to identify the crystalline orientation of black phosphorus [42] . It was stated that the optical method is more reliable and simple than Raman spectroscopy. The application of the technique on graphene is expected.
When comparing above techniques, there are no "good" or "bad" ones, nor someone is superior to the other ones. Instead, they all have advantages and disadvantages. The above discussed technologies can be classified into two categories, spectroscopy and microscopy. Raman spectroscopy lies in spectroscopy while TEM (including electron diffraction), SEM, STM and AFM are identified as microscopy. Spectroscopy (Raman) is based on photons, which can provide information as fine as molecular level, due to limitation of wavelength. Crystallographic orientation information is normally of atomic level. Thus, this piece of information has to be obtained through ratiocination, calculation and even experience based on Raman spectra. The advantage is that Raman require very little pre-treatment to samples. It is very easy to operate and time efficient (it normally takes seconds or milliseconds to acquire a Raman spectrum). Also, it is nondestructive to samples so that they can be used for future characterization, which is especially meaningful when the samples are valuable. Microscopy like TEM, SEM and STM, is based on electrons that is capable to unveil information at atomic level and output as visualizable images. This is direct observation of crystallographic orientation whereas the cost is time-consuming preparation of samples and operation of instruments. Moreover, the price of instruments varies depending on models and accessories to add, but normally electron microscopes (especially TEM) are much more expensive than Raman spectroscopes. The cost of instrumental maintenance and operation is also much higher for electron microscopes. AFM as a type of microscopes does not necessarily involve electron activity in the probe or scanning process. But the high resolution AFM can also achieve atomic level and provide surface information (atomic alignment) in the form of images.
Conclusions and Outlook
Raman spectroscopy has been widely utilized to characterize graphene, especially to determine crystallographic orientations of graphene using polarized Raman spectroscopy. Here, various determination principles are reviewed from physical properties of the D band, G band, and 2D band of graphene. The basic concepts are discussed and measurement procedures are sumarized. The techniques have great potentials in characterizations of crystallographic graphene orientations. Such kind of spectroscopic techniques will benefit the future explorations of orientation-dependent physical properties of two-dimensional graphene and other two-dimensional materials.
